The purpose of this study was to establish limits of normal for P wave measurements, and to propose criteria for routine 
of cardiac lesions. In more recent years, several criteria have been proposed for the conventional 12-lead electrocardiogram (ECG).' 7 The terminal P forces in the right precordial leads4 have been widely accepted as indicative of left atrial overload (LAO). New criteria have been proposed for the recognition of right atrial overloading (RAO) in children,8 and some previously proposed criteria for RAO such as "P pulmonale" or the Macruz index' have been found to be lacking in sensitivity or specificity or both. 9' 10 In the orthogonal ECG, however, no comprehensive analysis of P wave abnormalities has so far been performed, although several investigations of the normal P wave have been reported."1 5 The widespread use of the Frank lead system in more recent years makes a detailed P wave study in this lead system imperative.
We present here an analysis of the P wave on large numbers of ECG's recorded with the Frank lead system in normal subjects as well as in patients with heart disease. Our major goals were, (1) to establish limits of normal ranges for P wave measurements, (2) to propose criteria for the recognition of LAO and for RAO in routine reading of the Frank ECG, and (3) to select a separate set of measurements for multivariate analysis that would give an optimum separation of normal (N), LAO, and RAO records. We have used the term overloading to include hypertrophy and/or dilatation.
A digital computer was used for evaluation of large numbers of measurements including tests of their sensitivity and specificity. A classification procedure was used in which the three groups, N, LAO, and RAO, were considered simultaneously and each record was classified into one of the three groups.
Materials and Methods A total number of 2,464 ECG's recorded by Frank's corrected orthogonal leads were used for analysis. Of these, 2,138 records were collected from eight VA Hospitals in the framework of a cooperative study for cardiovascular data processing. Selection criteria of the cases were based on non-ECG information. In addition, 326 ECG's recorded from coal miners in Belgium with severe pneumoconiosis and sent to us for analysis were used in this study.
ECG's from 580 normal subjects were used to compute limits of normal for P wave measurements and also to serve as controls. History and physical examination did not reveal any signs or symptoms of past or present cardiovascular and/or pulmonary disease in these subjects. 13 The 580 records were divided at random into two groups. Three hundred and eighty-seven ECG's (two-thirds of the total) were used as the training set and the remaining 193 (one-third of the total) comprised a group for testing repeatability of results.
One hundred and sixty-four ECG's from patients with mitral valve disease were available as prototype for LAO Figure 2 Mean scalar leads and vector loops of the P, based on 387 records from normal subjects (solid lines), 101 patients with mitral stenosis (broken lines), and 326 patients with chronic lung disease (broken lines with periods). The average configurations are based on mean amplitudes computed at 20 msec intervals until the end of the P wave in each category. Note the increased duration of the P and prominent positive component in lead Z in LAO. Posterior displacement of the loop is evident in the sagittal and transverse planes. The averaged P in RAO closely resembles the normal P except in lead Y in which its amplitude is greater than in the normal. were able to effectively eliminate noise without distortion of amplitude or basic wave form of the P. It should be noted that several different types of digital filters were tested by us before this was accepted for routine use. The failure rate of recognition of P waves by this method was less than 1% as judged by an analysis of the P on 501 independent records. The heart rate does not usually influence the rate of recognition, as the frequency content of the wave does not change with heart rate. However, records in which the P wave is superimposed on the end of the preceding T wave causes identification problems for the computer. The fig. 2) show the close resemblance between the normal P and the P in the RAO group.
Comparison of our results with those of other studies of P wave analysis in emphysema is difficult. The reported incidence of P wave changes in emphysema has been extremely variable.28-31 This may be explained by the differences in the severity of the disease process in the patients analyzed in different studies. A high amplitude P wave, often termed "P pulmonale," has been observed by several investigators in the ECG of patients with RAO. More recently Chou and Helm9 stressed the nonspecificity of this P pattern in the diagnosis of RAO and noted that in a significant number of patients it represented left instead of right atrial enlargement. In our study, a high amplitude P wave above the normal range in lead Y was observed in 14% of CLD cases as well as in 10% in the mitral stenosis group and 4% in the LVH group. Thus it would appear that "P pulmonale" has limited value for the assessment of right atrial overloading.
Use of a digital computer allows a great number of comparisons and correlations in order to arrive at optimal criteria for diagnostic discrimination.32:34
Complex statistical methods can be tested in an attempt to improve diagnostic ECG classifications.
Circulation, Volume XLVIII, September 1973 In the present study we at first started differentiating between normals and the two abnormal groups, considering two groups at a time. Linear discriminant function analysis was used in a previously described manner. The most useful 42 measurements were then used for a sequential stepdown procedure. In this scheme a measurement would be eliminated if it contributed the least amount to the multivariate distance between the mean vectors of the different groups. The total number of measurements used in multidimensional analysis should not exceed 1/20th of the number of cases under study if the results are to be duplicated on new and independent case material with similar results. 35 The sequential stepdown procedure is helpful in selecting, from a large number of variables, the best possible measurements for classification.
Using the most important measurements, a simultaneous three-group analysis was performed in preference to a consideration of two groups at a time. Differentiation between two groups is useful in a situation where clinical information is available to aid in the classification of the record. The question might be asked, for example, in a patient with mitral stenosis, whether there is evidence of LAO, and a simple "yes" or "no" answer is expected from the ECG. However, when little or no clinical information is available, all ECG diagnoses have to be considered simultaneously. In our laboratory, a method has been developed for a seven-group analysis for the QRS using a Bayesian procedure to compute posterior probabilities.18 A similar method was used for the simultaneous analysis between normal, LAO, and RAO. Each record was assigned to the category for which its posterior probability was greatest.
The 15 criteria we have suggested may be used for routine computer analysis of the P wave in the orthogonal ECG. However, the prior probabilities for the three different groups may need adjustment according to the estimated prevalence of atrial overloading in the population to be tested. Changes in prior probabilities lead to changes in posterior probabilities, and specificity and sensitivity can be adjusted at will. The use of prior probabilities lends itself to great flexibility in routine clinical application of these criteria.
